Having closed loop structure, parallel manipulators are able to generate internal forces in the joints between the members. This can be achieved by redundantly actuating the manipulators. Although the intetnal forces are the vectors of force elements that balance each other and do not create any total force, they change the structural stiffness of the manipulators.
In this study, the effect of internal forces on the stiffness of the parallel manipulators was clarified based on the analysis of a six degrees of freedom (d.o.f.) spatial parallel manipulator which is composed of at least three sub-arms each having 3 d.o.f.. In the analysis, the static equilibrium state and corresponding internal forces were determined from joint servo potential. Then the stiffness of the manipulator was determined around this equilibrium state. It was shown that, internal forces cause an additional stiffness which depends on the geometry of the manipulator and the magnitude of the internal force. The results were verified both numerically and experimentally for a 3 d.o.f. planar parallel manipulator which is composed of two sub-arms each having 1. Introduction Parallel manipulators are closed link mechanisms in which the end effector is coupled to a fixed plane through more than one set of drive link trains. Having such a structure, a parallel manipulator consists of redundant joints which are not required to be controlled. In the case of planar parallel manipulators there can be up to three such joints whereas for the spatial parallel manipulators this number reaches to seven depending on thee type of the joints used1). By actuating some of these joints the compliance at the end effector of the manipulator can be adjusted by controlling each joint compliance independently2).
Such a manipulator with redundantly actuated joints gains the ability to generate internal forces in the joints between the members. Since the internal forces are the elements of the force vectors which are balanced in the mechanism, they do not generate any total force. However they influence the structural stiffness of the total mechanism. This can be observed in a simple spring-mass system shown in Fig.  1 . It is clear that, when the springs are loaded with tensile internal force, the system is more stiff to the external disturbances ( Fig. 1 (a) ). Similarly, if the springs are loaded with compressive internal forces, the system will be easily deflected by external disturbances ( Fig. 1 (b) ). This simple example indicates that, the structural stiffness of the mechanisms can be altered by inducing internal forces. A detailed study explaining the principle of the internal force effect on the stiffness of the closed mechanisms can be found in Ref.
3). Stiffness of the closed link mechanisms has been studied in several works as in Refs. 2) and 4). It is clear that, stiffness is a major property which plays an important role in the overall behavior of a mechanism. Therefore, because of their effect on the stiffness, the existence of internal forces in a closed mechanism is an important factor that must be analyzed. The fact that the stiffness of the closed mechanisms is affected by internal forces means that, by properly utilizing internal forces the stiffness of a mechanism can be adjusted in some directions of the motion. This is quite useful especially for the cases where the manipulator is required to make fine motions (as in assembly operations) in which the compliance is more important in particular directions. Fig. 2 (a) shows a general six degrees of freedom spatial parallel manipulator which is composed of an end effector and several drive arms. The necessary notation for an arbitrary ith arm is given in Fig. 2 (b) . The manipulator is assumed to be composed of at least three individual arms, each having three degrees of freedom controlled by three actuators. Each actuator is represented by an equivalent spring. When the arms are free, that is at the unconstructed configuration, the springs are unloaded and are at their free lengths. After the arms are combined through an end effector to form a parallel manipulator, this newly formed manipulator reaches a static equilibrium state and generates some amount of internal forces in the joints between each arm and the end effector. The joint displacements at equilibrium state can be found by minimizing the joint servo potential, P. The gravitational forces are neglected because they have no essential effect on the result of the analysis. In the case of any difference between qui and qei, the joint actuators will be loaded by certain amount of joint torque or force depending on the type of the joint.
The torque or force induced to the joints of each arm at equilibrium state is, In section 2.2, by analyzing internal force-stiffness relation of a spatial parallel manipulator at static equilibrium state, we have shown that the internal forces alter the structural stiffness of the parallel manipulators.
Here in this section we will consider about a planar parallel manipulator shown in Fig. 4 . The end effector of this manipulator has three degrees of freedom., The manipulator has six joints. Only three of these joints are required to be actuated in order to determine the position and orientation of the end effector uniquely. The remaining three joints are redundant. In order to generate internal forces in the Fig. 4 Fig. 9 . The geometry of the manipulator is exactly the same as in Fig. 4 . The manipulator has three degrees of freedom in terms of two translational and one rotational motion. It is actuated by four DC servo motors in which one of them is redundant.
5.2
Experimental results axis represents the variation in the specified component of the end effector stiffness matrix. The end effector was kept at a fixed position and only its orientation was changed. Therefore the measured stiffness components refer to the rotational components of the stiffness matrix. The experiment was repeated for three different internal forces. Here, only the mostly varied three components are shown. Due to the noise in the signals received from the measuring devices, it was not possible to measure the stiffness at very near to the equilibrium state. However by extending the curves in Fig. 10 , the stiffness at the vicinity of the equilibrium can be approximately detected. Similar to the numerical results (see Fig. 8 ), it is clear that for each internal force the stiffness has different value which indicates that the structural stiffness of the manipulator is affected by the internal forces.
Fig

Conclusion
Effect of internal forces on the structural stiffness of the parallel manipulators was analyzed. The theoretical analysis was carried out by considering a redundantly actuated six degrees of freedom spatial parallel manipulator which can generate internal forces in the joints. The static equilibrium state and corresponding internal forces in the manipulator were determined from the joint servo potential.
The stiffness of each sub-arm tip and manipulator end effector were analytically determined around the static equilibrium state. It was shown that, the structural stiffness at each subarm tip and hence the stiffness of the manipulator end effector is changed by the existence of the internal forces in the manipulator. The effect of internal forces depends on the magnitude of the internal force as well as the geometrical configuration of the manipulator.
The analysis was applied to a three degrees of freedom planar parallel manipulator, and the results were confirmed both numerically and experimentally, using this manipulator. The effect of internal forces will be useful in assembly operations in which the compliance is more important. Furthermore, there are some situations where links compose the closed mechanism such as grasping by multi-finger hands. The effect of internal forces should be considered in such problems as stable prehension.
